The Ena-VASP family of proteins act as molecular adaptors linking the cytoskeletal system to signal transduction pathways. Their N-terminal EVH1 domains use groups of exposed aromatic residues to speci®cally recognize`FPPPP' motifs found in the mammalian zyxin and vinculin proteins, and ActA protein of the intracellular bacterium Listeria monocytogenes. Here, evidence is provided that the af®nities of these EVH1±peptide interactions are strongly dependent on the recognition of residues¯anking the core FPPPP motifs. Determination of the VASP EVH1 domain solution structure, together with peptide library screening, measurement of individual K d s bȳ uorescence titration, and NMR chemical shift mapping, revealed a second af®nity-determining epitope present in all four ActA EVH1-binding motifs. The epitope was shown to interact with a complementary hydrophobic site on the EVH1 surface and to increase strongly the af®nity of ActA for EVH1 domains. We propose that this epitope, which is absent in the sequences of the native EVH1-interaction partners zyxin and vinculin, may provide the pathogen with an advantage when competing for the recruitment of the host VASP and Mena proteins in the infected cell.
Introduction
The cytoskeletal and focal adhesion associated protein VASP (vasodilator-stimulated phosphoprotein) was initially characterized as a substrate of both cGMP-and cAMP-dependent protein kinases (cGPK, cAPK), and as a component of inhibitory signal transduction pathways in human platelets and other cells (Halbru Ègge and Walter, 1989; Halbru Ègge et al., 1990; Reinhard et al., 1999) . It has since been shown to be necessary for the enhancement of spatially con®ned actin polymerization, thus modulating ®lament formation, and hence cytoskeletal rearrangements, in response to extracellular signals Pistor et al., 1995; Beckerle, 1998; Dramsi and Cossart, 1998; Laurent et al., 1999; Vasioukhin et al., 2000) . A tripartite structural organization was originally predicted for VASP from the delineated amino acid sequences of human, canine and murine VASP cDNAs, and con®rmed by the subsequent identi®cation of the Drosophila Enabled (Ena) protein, its mammalian homologue Mena and the Ena-VASP-like protein, Evl (Haffner et al., 1995; Gertler et al., 1995 Gertler et al., , 1996 Zimmer et al., 1996) . The proteins share highly homologous N-and C-terminal domains, known as the Ena-VASP homology domains 1 and 2 (EVH1 and EVH2), which are separated by a more divergent proline-rich region (Gertler et al., 1996; Reinhard et al., 1999) . A number of cytoskeletal proteins have been identi®ed as direct binding partners for each of the three domains. The N-terminal EVH1 domain is responsible for interactions with proteins associated with focal adhesion plaques (Reinhard et al., 1995a Brindle et al., 1996; Gertler et al., 1996; Niebuhr et al., 1997) , the central proline-rich region interacts with pro®lins and various SH3 domains (Reinhard et al., 1995b; Ahern-Djamali et al., 1998) , and the C-terminal EVH2 domain interacts with polymerized actin ®bres, as well as being involved in the tetramerization of the protein (Bachmann et al., 1999; Laurent et al., 1999) .
The EVH1 domains of VASP and Mena are known to bind the mammalian focal adhesion proteins zyxin and vinculin, and the ActA surface protein of the intracellular pathogen Listeria monocytogenes (Reinhard et al., 1995a Niebuhr et al., 1997) . ActA is essential for actinbased motility in Listeria (Domann et al., 1992; Kocks et al., 1992; Sanger et al., 1992; Pistor et al., 1994 Pistor et al., , 1995 , localizing VASP and Mena to the bacterial surface where they promote the rapid polymerization of an actin comet tail that propels the pathogen through the cytoplasm. Microinjection of FPPPPT-containing peptides displaces VASP and Mena from their normal locations in focal adhesions showing that both proteins recognize FPPPP motifs in their binding partners (Pistor et al., 1995; Gertler et al., 1996; Niebuhr et al., 1997) . Deletion of the FPPPP repeat region in ActA leads to delocalization of VASP and Mena from the listerial surface, resulting in a visible reduction in intracellular motility and strongly attenuating Listeria virulence (Niebuhr et al., 1997) . Peptide competition experiments have also revealed qualitative data showing that ActA binds VASP more strongly than zyxin (Niebuhr et al., 1997) . Interestingly, the zyxin and ActA sequences contain four FPPPP motifs in close tandem repeat, whereas in vinculin oligomers, Dual epitope recognition by the VASP EVH1 domain modulates polyproline ligand speci®city and binding af®nity The EMBO Journal Vol. 19 No. 18 pp. 4903±4914, 2000 ã European Molecular Biology Organization each monomer contains only one. Multiplicity of binding sites thus provides a possible mechanism by which the oligomeric state of VASP and Mena proteins could be used to regulate their af®nity for zyxin, ActA or vinculin by co-operative binding (Bachmann et al., 1999; Laurent et al., 1999) .
Multiple sequence alignments (Callebaut et al., 1998) show that the closest relatives to EVH1 domains are the WASP homology 1 (WH1) domain and the Ran-binding domain 1 (RanBD1). The NMR and X-ray structures of the EVH1 domain (this work; Fedorov et al., 1999; Prehoda et al., 1999) show a close structural relationship to the pleckstrin homology (PH) and phosphotyrosine-binding (PTB) domains, despite very low sequence similarities. The crystal structures of the Mena and Evl EVH1 domains in complex with the ActA-derived FPPPPT and FEFPPPPTDEE peptides yielded information on the interactions formed between the core FPPPPT motif and speci®c residues of the EVH1 domain, but no electron density was observed for the peptide residues¯anking the FPPPPT core. Extended ActA-derived peptides are known to bind EVH1 domains more strongly than small, truncated subsequences (Niebuhr et al., 1997) , suggesting that important speci®city and af®nity determinants exist within the residues¯anking the FPPPPT core. These interactions in the complex may also determine the polarity of binding. Understanding the roles of the various core-¯anking residues for EVH1 recognition are therefore of particular interest for elucidating the mechanisms by which the FPPPP motifs of host cell proteins compete for EVH1 binding within the cell.
To understand better the mode of peptide binding, we therefore solved the structure of the human VASP EVH1 domain by NMR spectroscopy. A complete dataset of NMR experiments were also acquired on a 1:1 complex of 13 C, 15 N-labelled VASP EVH1 with the unlabelled ActA peptide, 332 SFEFPPPPTEDEL 344 . However, protein± peptide NOEs in the standard set of 2D and 3D NOESY spectra were not detected. We therefore acquired a series of 2D 13 C-half ®ltered NOESY experiments (Gemmecker et al., 1992; Ikura and Bax, 1992) at a range of different mixing times (50±200 ms) in an attempt to record speci®cally NOEs between the 13 C-attached protons (of the protein) and the 12 C-attached protons (of the peptide). In addition, a complete series of transfer NOE experiments were acquired at a number of different peptide:protein ratios (from 1:1 to 50:1) and over a range of mixing times (30±500 ms), but direct NOEs between the protein and peptide in the complex were never observed. The reason for the absence of direct intermolecular NOEs no doubt lies in the very weak binding af®nity and fast exchange properties of the EVH1±peptide interaction. This behaviour is not unusual in interactions between proteins and proline-rich ligands. The presence of multiple species in the equilibrium of a fast, multi-step binding process would not allow suf®cient time for protein±peptide NOEs to build up to detectable levels.
Whilst the observation of NOEs between peptide and protein is desirable for determining ef®ciently and precisely the interactions between ligand and domain, similar information can be obtained by combining a number of alternative methods. The interaction surface can also be de®ned by mapping the chemical shift perturbations of individual nuclei from each of the interacting partners. In order to pinpoint which residues are responsible for which interactions, it is necessary to map a domain surface with several variants of the same peptide and to observe the differences in chemical shift perturbations arising with each change. In this work, 15 N-HSQC spectra were used to map chemical shift perturbations of the backbone and sidechain protein 15 N± 1 H N resonances in the presence of three different peptides, derived from the third FPPPP repeat of the ActA protein. The interaction sites of the peptide were de®ned by monitoring the chemical shift perturbations of the peptide 1 H signals in a separate set of 13 C-(w1)± 13 C-(w2) double half-®ltered 1 H TOCSY and NOESY experiments. The chemical shift mapping, taken together with the results of peptide library Fig. 1 . Superposition of the backbone (N, C a and C¢) atoms for the 15 lowest energy structures of the VASP EVH1 domain. Core residues are shown in orange and the residues of the aromatic triad, Tyr16, Trp23, Phe79 are shown in red. Figures were created using the program Molscript (Kraulis, 1991) . The structural statistics are given in Table I. L.J. Ball et al. scans, which showed the effect of each peptide residue on the binding af®nity, and the determination of K d s for individual peptides of signi®cant interest by¯uorescence spectroscopy, enabled us to model the ActA peptide onto our structure of the EVH1 domain and thus draw conclusions about the interactions and functions of the FPPPP core-¯anking residues.
Results
Solution structure of the EVH1 domain from human VASP The structure of the VASP EVH1 domain (Figure 1 ) was determined using triple-resonance, multidimensional heteronuclear NMR spectroscopy on 15 N-and 13 C, 15 Nlabelled protein samples. Complete assignment of carbon, proton and nitrogen resonances was achieved as described previously (Ball et al., 1997) , and the ®nal ensemble of structures was calculated by simulated annealing on the basis of 3117 NOE distance, dihedral angle and hydrogenbond restraints (see Table I ). The molecule possesses a b-barrel fold similar to that of PH and PTB domains (Saraste et al., 1995) , with seven b-strands packed together to form an antiparallel b-sandwich closed along one edge by a long, C-terminal a-helix. The hydrophobic core is formed by the conserved residues Ile6, Ala11, Val13, Val36, Ile38, Phe47, Val49, Val61, Ile62, Ile66, Val70, Tyr72, Trp82, Trp89, Leu91, Phe93, Phe102, Met106, Ala109 and Leu110 (VASP numbering) . The very highly conserved, non-core aromatic residues Tyr16, Trp23 and Phe79 form a triad, with their exposed rings arranged in a ladder on the surface of the protein, presenting a peptide recognition groove between the loops joining b1±b2 and b5±b6. In contrast, PH and PTB domains each possess an additional element of secondary structure that occupies this groove via an intramolecular interaction. The groove remains unoccupied in EVH1 domains and is therefore available for peptide binding.
The VASP and Mena EVH1 domains show some small, but interesting differences. The insertion of a proline at position 56 (Figure 1 ) in the sequence of the VASP EVH1 domain results in a slightly larger loop differing in structure to the corresponding loop in both Mena and Ev1. Interestingly, this loop occurs in the region that interacts with the C-terminal leucine residue of the ActA peptide investigated in these studies (see below). The Mena EVH1 domain also shows a deletion at position Thr28 compared with the other EVH1 sequences, thereby shortening this loop slightly. Since VASP and Mena EVH1 domains are known to bind overlapping peptides, but with different af®nities, it is possible that these small differences, which occur in loop regions close to the peptide-binding site, could provide some degree of ligand speci®city. The structure also explains a point mutation in the EVH1 domain of Ena, A97V, which resulted in a lethal phenotype in Drosophila and in disturbed interactions with zyxin in transfected mammalian cells (Ahern-Djamali et al., 1998) . Mutation of Ala97 to a larger amino acid would prevent correct folding of the EVH1 domain by precluding the close packing of the a-helix against the b-barrel.
The EVH1-binding af®nities of ActA and zyxin peptides are determined by residues neighbouring the FPPPP sequence To analyse speci®city-determining residues¯anking the core FPPPP motif, libraries of peptides derived from the overlapping sequences 332 SFEFPPPPTEDEL 344 and 334 EFPPPPTEDELEII 347 of the third ActA repeat were created using the previously described spot synthesis technique (Kramer and Schneider-Mergener, 1998) . Residues in each peptide were substituted in turn for all 20 amino acids and screened for VASP EVH1 binding. The results for the more strongly binding 332 SFEFPPPP-TEDEL 344 sequence are shown in Figure 2 . The domain showed very strong preferences for Phe and Pro residues at the positions Phe335, Pro336 and Pro339. Exceptions were F335W, where strong binding was retained, and F335L and F335Y, for which binding was observed but very much reduced. P339F, P339W and P339Y substitutions also bound, but with signi®cantly reduced af®nities. Pro336, the ®rst proline in the poly-L-proline series, was absolutely essential for binding to EVH1. In contrast, substitution of Pro337 for almost all other residues was well tolerated, whereas Pro338 could be replaced by any of the hydrophobic residues, Ala, Ile or Leu, Phe or Val. EVH1 favoured negatively charged, polar or hydrophobic residues at position Glu343 and, interestingly, displayed a considerable preference for Leu at the C-terminal position (Leu344). The reduction in binding af®nity on substitution of Leu344 suggests that this residue may be a second, hydrophobic, speci®city determinant. The hydrophobic substitutions L344I, L344F and L344V Table II . Examination of the results shows that the 12 residue ActA peptide 333 FEFPPPPTEDEL 344 binds with the highest af®nity (K d = 19 mM), whereas deletion of the N-terminal Phe333 reduced the af®nity by a factor of 1.5. Removal of the next residue, Glu334, reduced the binding by an additional factor of 2, indicating that a charged residue at this position enhances binding. This is in agreement with previous observations (Carl et al., 1999) . Truncation from the C-terminus showed that the 341 EDEL 344 residues were very important for maintaining a high binding af®nity, with a >10-fold increase in the measured K d from 19 to 214 mM upon their removal. The importance of the C-terminal 343 EL 344 was investigated further by measuring the af®nity of the peptide, 334 EFPPPPTED 342 . The binding of this peptide to VASP and Mena EVH1 domains was found to be more than ®ve times weaker than that of 334 EFPPPPTEDEL 344 . Signi®cantly, replacement of Leu344 for Ala led to a 3-fold reduction in binding af®nity (from 32 to 102 mM). Interestingly, substitution of the very highly conserved Phe335 for Leu did not completely abolish binding, but instead led to a 4-fold (from 32 to 118 mM) reduction in af®nity. This suggests that the primary role of Phe335 is one of recognition rather than directly increasing binding af®nity, with the aromatic sidechain providing a speci®c anchor to guide the positioning of the polyproline sequence in the peptide groove.
The EVH1 domains of VASP and Mena bind each of the four FPPPP-containing repeats of human zyxin between 3 and 10 times more weakly than the FEFPPPPTEDEL peptide derived from the third ActA repeat (Table II) . It is interesting that the fourth zyxin repeat shows no EVH1 af®nity by¯uorescence titration when measured as an isolated peptide. Several of the FPPPP¯anking residues N-terminal to the fourth zyxin repeat overlap with FPPPP anking residues C-terminal to the third repeat, suggesting that repeats 3 and 4 share¯anking interactions with the EVH1 domain. The ActA repeats, however, are more widely spaced, and bind VASP and Mena EVH1 domains independently of each another.
In all cases, the binding constants for the EVH1 domain of Mena followed the same trend, with Mena EVH1 exhibiting a slightly higher binding af®nity in general for all the peptides. The core FPPPPT motif showed no af®nity for VASP EVH1 in our assays, whereas binding to Mena EVH1 was very weak but nonetheless detectable (417 mM). According to these measurements, it could be concluded that N-terminal deletions up to and including Glu334 have little effect on binding af®nity, whereas truncation of the C-terminal residues, particularly 343 EL 344 , very strongly reduces it.
De®nition of the ActA peptide-binding site on the EVH1 domain To understand the structural basis of the EVH1±peptide interaction, a complex of the domain with the ActAderived peptide 332 Figure 4A shows the most perturbed 1 H and 15 N resonances in relation to their location in the three dimensional structure. The backbone amides of Lys71, Tyr72 and Ala75 and the indole NH of Trp23 showed very large perturbations (Dd TOTAL between 0.4 and 0.6 p.p.m.). The strongest perturbation in all peptide titrations (Dd TOTAL of 1.2 p.p.m.) was observed for the sidechain NH resonance of Gln81 (data not shown). The large chemical shift changes and accompanying linebroadening of the Gln81 and Trp23 sidechains upon peptide binding suggest putative roles for these protons in hydrogen bond formation. Migrations of the backbone NHs of Lys71, Tyr72 and Ala75 may be explained by contacts to the peptide from these residues in the peptidebinding groove. Other large shift changes (0.1±0.25 p.p.m.) were observed for the backbone amides of residues Gln31 and Ala32, which form a loop at the top end of the groove, and Val67, Gly69 and Val70, which form a small hydrophobic patch at the bottom.
Due to the high degree of symmetry of the poly-L-proline helix of the FPPPP motif in 332 SFEFPPP-PTEDEL 344 , peptide binding can in principle occur in two opposite orientations. This bi-directional binding ability has already been reported for polyproline ligands , 1997) . Changes in chemical shifts of the sidechain protons of the peptide, measured from 13 C-(w1)± 13 C-(w2) double half-®ltered 1 H TOCSY spectra (Gemmecker et al., 1992; Ikura and Bax, 1992 ) on a sample containing fully 13 C, 15 N-labelled protein bound to unlabelled peptide in a D 2 O solvent, are shown in Table III .
Dual epitope recognition by the VASP EVH1 domain binding to pro®lins and SH3 domains (Mahoney et al., 1999) . Hence, to determine which of the core-¯anking residues were important for directing the binding orientation, titrations were carried out with N-and C-terminally truncated ActA peptides, EFPPPPTEDEL and EFPPPP-TED. Titration with the peptide lacking the N-terminal 332 SF 333 residues resulted in only minor changes in the chemical shift perturbations of most residues, with the notable exceptions of two backbone amide resonances, Ala85 and Arg86, which were considerably less perturbed in the absence of the peptide Ser332 and Phe333 residues (Figure 3 ). This observation was complemented by the chemical shift perturbations observed on titration with EFPPPPTED, which lacks both N-and C-terminal residues. Apart from an expected overall reduction in the magnitudes of shift perturbations due to the weaker association of the protein with the shorter peptide, the general pattern of chemical shift perturbations for the majority of EVH1 residues was very similar to that observed with the full-length SFEFPPPPTEDEL. However, residues Gln31, and particularly Ala32, showed dramatic decreases in the magnitudes of their chemical shift perturbations (the Ala32 amide now almost totally unperturbed) upon loss of the 343 EL 344 residues (Figure 3 ). This indicates strongly that Gln31 and Ala32 interact with the C-terminal residues of the extended peptide. Together with the smaller, but signi®cant, decreases in perturbations of Ala85 and Arg86 upon truncation of the N-terminal 332 SF 333 peptide residues, we were therefore able to de®ne unambiguously the orientation of the bound peptide ( Figure 4A±C ).
Identi®cation of ActA peptide residues involved in EVH1 binding
Chemical shift perturbations in the SFEFPPPPTEDEL peptide ligand were monitored to identify the peptide amino acids involved in binding. Assignment of the unbound peptide resonances was carried out using standard homonuclear TOCSY, NOESY and DQF-COSY spectra on a sample of pure peptide in H 2 O solution. The assignment of the peptide resonances in the bound form, however, required the detection of a small number of 12 C-attached protons from the unlabelled ligand in the presence of a large number of 13 C-attached protons from the protein. These assignments were therefore achieved using 13 C-(w1)± 13 C-(w2) double half-®ltered 1 H TOCSY and NOESY experiments (Gemmecker et al., 1992; Ikura and Bax, 1992) 
The results are depicted in Figure 4B and summarized in Table III , with the numbers in bold type representing those nuclei that were most perturbed. The ®rst two residues (Ser and Phe) could not be assigned unambiguously and the resonance frequencies of Glu334 showed no discernible differences to those of the unbound peptide. In contrast, the conserved residue Phe335 showed very large H a and H b2 chemical shift perturbations, indicating a major role for this residue in forming peptide±protein contacts. This supports our results from the peptide amino acid substitution analysis (Figure 2) , which show clearly that strong EVH1 binding only occurs when this position contains either Phe or Trp. A relatively large shift perturbation was also observed for the H a of Pro336, which was also shown by substitution analysis to be essential for binding. It was not possible to obtain shift differences for the remaining proline residues due to excessive overlap in this region of the 13 C± 13 C-®ltered 1 H TOCSY spectrum. The backbone H a resonances of Thr340, Glu341, Asp342, Glu343 and Leu344 and sidechain H b s and H g s of Thr340, Glu341, Glu343 and Leu344 were all signi®cantly shifted upon complexation, showing perturbations of between 0.1 and 0.2 p.p.m. This complements our peptide binding data, supporting the hypothesis that the EDEL epitope is important in increasing binding af®nity by making many contacts to the EVH1 domain. The most marked sidechain perturbations, of >0.2 p.p.m., were seen for the H d1 and H d2 protons of the C-terminal Leu344. This further supports our data from substitution analysis and¯uorescence spectroscopy, which strongly suggest that Leu344 is a major contributor to the binding af®nity. The less conserved central pair of prolines, Pro337 and Pro338, could not be assigned sequence speci®cally from the 2D 1 H spectra, but it could be seen that their resonances were largely unperturbed. The Ser332 and Phe333 residues showed more than one set of crosspeaks each, suggesting that these residues sample multiple conformations on a slow timescale.
Mutations of the EVH1 domain affecting folding, solubility and peptide binding
The roles of several residues in regions that showed large chemical shift perturbations upon peptide binding, were further investigated by mutational analysis. The mutants Table III ). The surface of the VASP EVH1 domain is coloured according to (A), with the difference that only surface exposed amides are shown. Residues in the peptide are coloured cyan (perturbations >0.2 p.p.m.) and green (perturbations between 0.15 and 0.2 p.p.m.). (C) and (D) show the hydrophobic surfaces of VASP and Mena EVH1 domains, respectively. It should be noted that the Mena EVH1 domain was co-crystallized using a much shorter peptide comprising just the core FPPPPT residues (Prehoda et al., 1999) . The view of each molecule is rotated 45°forwards about the x-axis, with respect to the view in (A) in order to show the additional binding contacts of the longer peptide. Hydrophobic surfaces were calculated with the program GRASP (Nicholls et al., 1991) using hydrophobicity scales from Covell et al. (1994) . Hydrophobic areas are shown in yellow and hydrophilic areas in purple. The yellow hydrophobic groove, running from top to bottom of the molecule, comprises the binding site for the ActA peptide. Contacts between the FPPPP motif and the residues in and around the triad region, Tyr16, Trp23, Phe79 and Met14 are clearly visible, as are secondary contacts between the peptide C-terminal leucine and Met54, Ala32 and Phe33 of the protein.
The residues comprising the groove in each of the proteins are labelled, showing the distribution of surface hydrophobicities to be highly similar between the VASP and Mena domains. The SFEFPPPPTEDEL peptide was docked onto the domain as described in the Materials and methods.
Dual epitope recognition by the VASP EVH1 domain
F33A and V67A showed 1.5-to 2-fold weaker binding to a peptide, FEFPPPPTEDEL (data not shown). Further mutations, W23L, Y72D, F79A and H80N, resulted in insoluble proteins, probably due to the roles of these sidechains in stabilizing the protein fold. Examination of the 3D structure, together with the large numbers of NOEs observed from these sidechains to other core residues located in strands b1, b6 and b7, provides strong evidence for this. Trp23, which is 100% conserved in all EVH1 domains, performs a dual function; ®rst, using its indole ring to recognize the ligand FPPPP motif; and secondly, using its six-membered ring to participate in hydrophobic contacts which stabilize the EVH1 core.
Modelling the VASP EVH1 domain in complex with the SFEFPPPPTEDEL peptide of ActA A complex of the VASP EVH1 domain and the peptide 332 SFEFPPPPTEDEL 344 based on the observed chemical shift perturbations and on the results of the peptide binding assays was modelled as described in the methods (see Figure 4) . The core FPPPT motif was docked onto the domain maintaining the same poly-L-proline contacts as observed in the crystal structure of Mena (Prehoda et al., 1999) . The remaining residues were restrained loosely, using two additional restraints derived from the chemical shift mapping studies as described in the methods.
From inspection of the protein chemical shift changes, it could be seen that contacts to the peptide were formed by: (i) the triad residues, Tyr16, Trp23 and Phe79; (ii) residues in the hydrophobic groove running along the top-facing b-sheet comprising strands b5±b6±b7 (see Figure 4A and C); (iii) the sidechain of Gln81, which resides exactly in the centre of the middle strand, b6; (iv) the hydrophobic patch above the groove comprising residues Gln31 to Phe33 ( Figure 4C) ; and (v) a smaller hydrophobic patch below the groove comprising residues Val67±Val70 and Ala85, Arg86. Conversely, inspection of the peptide chemical shift perturbations showed that contacts to the domain were formed by: (i) the phenylalanine directly preceding the poly-L-proline helix, Phe335; (ii) Pro336 and Pro339; (iii) Thr340, particularly the a proton; and (iv) the Glu343 and Leu344 EL motif, most notably the delta protons of the leucine ( Figure 4B ).
The binding of the extended SFEFPPPPTEDEL peptide into the hydrophobic groove explains the large chemical shift perturbations of the backbone amides of Lys71, Tyr72 and Ala75 (Figures 3 and 4A ), since these amino acids are in close proximity to the highly perturbed Gln81, the sidechain of which is probably involved in hydrogen bond formation. It appears from sequence alignments that hydrogen bond formation between a proton donating sidechain at this position and a peptide proline carbonyl oxygen could be a general feature of EVH1 polyproline recognition. Gln81 is completely conserved amongst the Ena, VASP, Mena and Evl EVH1 domains, indicating that this residue is indeed important. A second hydrogen bond interaction between the Trp23 indole proton and the carbonyl oxygen of Pro337 is also likely, based on the very large shift changes of 0.5 p.p.m. for this indole, together with the accompanying line-broadening (observed for Trp23 and Gln81 sidechains only) during the titrations with the peptide. Perturbations of 0.3±0.4 p.p.m. observed for the Asn73 sidechain and Gln74 backbone amide (b5), the His80 and Trp82 backbone amides (b6), and the Leu91 backbone and Asn92 sidechain (b7) indicate that reorganization in this region occurs to accommodate peptide binding. These residues directly surround the peptide gorge formed by b5, b6 and b7, with their most highly perturbed nuclei oriented towards Gln81 (b6).
Inspection of the surface of the VASP EVH1 domain shows an intriguing distribution of hydrophobic patches along the prospective peptide-binding groove, running from the aromatic triad to the bottom of the domain, roughly parallel to the helix ( Figure 4C ). The view presented shows both the polypeptide-binding groove and the hydrophobic patch above it. The latter consists of residues Met54, Ala32 and Phe33, which are involved in contacts to the C-terminal Leu344. The binding interaction surface was calculated to be 901.5 A Ê 2 using the program SYBYL (Tripos, Inc., 1999) . Taking the chemical shift changes of protein and peptide signals together, these data suggest that the peptide C-terminal leucine is responsible for the chemical shift changes of the backbone Gln31 to Phe33 amides and that the peptide N-terminus then contacts the region comprising Ala85, Arg86 and the hydrophobic loop Val67±Val70. Only very minor differences were noted between complexation with SFEFPP-PPTEDEL and EFPPPPTEDEL, showing that the residues Ser332 and Phe333 are relatively unimportant for peptide binding speci®city. Modest decreases in the magnitudes of the shift perturbations of Ala85, Arg86 upon truncation of 332 SF 333 suggested a weak interaction between these two groups of residues. This agrees both with previously reported deletion studies (Niebuhr et al., 1997) and with our own binding constant measurements (see Table II ). However, removal of the C-terminal Glu343 and Leu344 residues resulted in a dramatic reduction in the perturbations of Gln31 and Ala32 amides. The single substitution of Leu344 for an alanine at the C-terminus attenuated EVH1-binding af®nity by a factor of three, further implying a role for this leucine as a speci®city determinant.
Discussion
A conserved, second EVH1 speci®city-determining binding site is exploited by ActA EVH1 domains bind the FPPPPT motif with very low af®nity (K d >400 mM); therefore, additional af®nity, hence speci®city, determinants must exist to raise the binding strength to biologically signi®cant levels. As shown in this study, the EVH1 domains of VASP and Mena possess a second hydrophobic region comprising residues Ala32, Phe33 and Met54 (VASP numbering), in addition to a hydrophobic, poly-L-proline-binding groove, which is ideally situated to offer an additional interaction site for residues C-terminal to the FPPPPT core motif. We have shown that interaction of the C-terminal residues of the peptide with this site is important for modulating peptidebinding af®nity, and could also be a factor in determining ligand orientation. Figure 4C and D shows this hydrophobic region for VASP and Mena, respectively, whereas Figure 4B illustrates the interacting residues in the peptide. This second hydrophobic site is conserved in VASP, Mena and Evl EVH1 domains, and therefore similar interactions of all three EVH1 domains would be expected with the ActA peptides. This would explain why VASP and Mena EVH1 domains bind each of the ActA-derived peptides with highly similar (though not identical) af®nities (Table II) . The hydrophobic surface comprising Ala32, Phe33 and Met54 may thus play an important role in the discrimination of VASP and homologous proteins for their respective binding partners, contributing to the targeting of these proteins to their speci®c locations in the presence of competing intracellular sites. In all four EVH1-binding motifs of the listerial ActA protein, we identi®ed a strictly conserved peptide epitope (EL), C-terminal to the FPPPP core motif, the leucine of which ef®ciently utilizes the second, hydrophobic region present on the EVH1 domain surface. The mammalian VASP EVH1 target zyxin (Golsteyn et al., 1997) contains four less highly conserved FPPPP-type repeats (see Table II) , with the second and third proline positions being more variable than their ActA counterparts and the equivalent C-terminal residues being AG, EE, EI and EE, respectively. In comparison with the 333 FEFPPPPTEDEL 344 peptide derived from the third ActA repeat, the ®rst three zyxin peptide repeats showed a range of reduced binding af®nities (from 3-to 10-fold) for the VASP and Mena EVH1 domains (Table II) . No EVH1-binding was detectable by¯uorescence spectroscopy for the fourth zyxin repeat. Of all four zyxin repeats, only the third (containing EI) could make a hydrophobic interaction with the second hydrophobic binding site on the EVH1 domain. However, this repeat shows the weakest binding af®nity of the three peptides that bound; an effect likely to be due to the replacement of the third proline in the core motif of this repeat by an alanine, FPPAP. The K d for interaction with the VASP EVH1 domain is 197 mM, compared with 74 and 61 mM for the ®rst and second zyxin repeats. It is possible that the presence of the Ile at the C-terminal position in this peptide serves to rescue the attenuated binding caused by loss of the third proline.
Previous workers have also demonstrated that EVH1-binding peptides from a number of cytoskeletal proteins bind with higher ef®ciencies when their core¯anking residues are present and that isolated core regions generally bind very weakly. Peptides derived from each of the four proline-rich repeats of ActA, which included the EL residues plus two additional residues C-terminal to these, were observed to bind VASP and Mena EVH1 domains more strongly than the truncated core regions (Niebuhr et al., 1997) . However, the increase in binding af®nity of these longer peptides relative to the core FPPPPT motifs was not quanti®ed by these workers and was never attributed speci®cally to the EL epitope identi®ed in our study. We have shown by amino acid substitution analysis of the ActA peptides, 332 SFEFPPPP-TEDEL 344 (Figure 2 ) and 334 EFPPPPTEDELEII 347 (data not shown), that the residues C-terminal to Leu344 and N-terminal to Phe335 could be replaced by any other residues with no noticeable loss in binding af®nity. Substitution of the EL residues, however, leads to substantial decreases in peptide-binding af®nity (Figure 2 ). This observation is supported quantitatively by our measurements of individual EVH1:peptide K d s from¯uorescence titration curves (Table II) . In particular, the importance of the C-terminal leucine (Leu344) is clearly highlighted by the 3-fold reduction in peptidebinding af®nity when this residue is replaced by an alanine. The analysis in Figure 2 combined with the K d measurements from¯uorescence thus enabled us to identify the EL motif. Chemical shift mapping of peptides with and without this motif then clearly identi®ed the EVH1 residues with which it speci®cally interacted.
The analysis shown in Figure 2 also provides new information on the proline speci®city of the EVH1 interaction with the FPPPP core. Previous semi-quantitative results from a peptide, SFEFPPPPTD, had suggested that the central two prolines were the most important for EVH1 binding (Niebuhr et al., 1997) . Figure 2 , however, clearly shows that the ®rst and fourth prolines are essential for EVH1 binding and that the central two prolines may be substituted by a considerable number of other amino acid types without loss of binding. This is in good agreement with the consensus Ena-VASP EVH1-binding sequence, FPXéP, (where X is any residue and é is hydrophobic) and also agrees very well with the precise protein±peptide interactions observed in the available structures, in which the ®rst and fourth proline sidechains make close contacts with the peptide-binding groove of the EVH1 domain and the central two proline sidechains are exposed. Notably, the SFEFPPPPTD peptide studied by Niebuhr and coworkers lacked the EL epitope identi®ed in our study. From our¯uorescence measurements it can be seen that such a peptide would bind the VASP and Mena EVH1 domains with K d in the range of 150±214 mM (Table II) . In contrast, our studies were based on the 332 SFEFPPPPT-EDEL 344 peptide, which binds with a K d of 19 mM, thus increasing dramatically the intrinsic signal:noise ratio and subsequent accuracy of our measurements.
The cumulative evidence from all of our observations offers some explanation as to why the EVH1 domains of VASP and Mena bind cytoplasmic zyxin less strongly than the foreign ActA protein of invading Listeria. The individual ActA repeats may exploit the small, second hydrophobic site in EVH1 domains far more ef®ciently than the corresponding repeats in zyxin to increase their EVH1-binding af®nity. Interestingly, the third and fourth zyxin repeats overlap in sequence, and thus share a number of¯anking residues necessary for interactions with the EVH1 domain. This reduces the number of potential interactions of the third and fourth repeats with their target sites, possibly even excluding their simultaneous accessibility. If zyxin could bind only three repeats simultaneously, this would offer further explanation for its weaker EVH1-binding ability compared with ActA. The presence of four closely spaced proline-rich repeats in both zyxin and ActA hints at co-operative EVH1 binding, with each repeat binding to one of the four EVH1 domains available in tetrameric VASP or Mena (Bachmann et al., 1999; Laurent et al., 1999) . Alternatively, each proline-rich repeat could dock a separate VASP or Mena tetramer in order to maximally increase the local concentration of VASP or Mena proteins wherever zyxin (or ActA) is present. To understand these complexes in greater detail, further work will be required to determine their precise stoichiometries.
Like zyxin, the FPPPP motif present in the human vinculin sequence (PDFPPPPPDLEQ) also lacks the C-terminal hydrophobic residue present in each of the ActA repeats, suggesting a similarly weak interaction between the vinculin motif and EVH1. It is believed for vinculin (Brindle et al., 1996; Reinhard et al., 1996) , which possesses only a single EVH1-binding motif per polypeptide chain, that binding strength is increased by a mechanism of oligomerization that compensates for the lack of multiple EVH1-binding sites in each monomer. Furthermore, the oligomerization state of vinculin, and hence complex formation with EVH1 domains, is controlled by the conformational state of the vinculin protein (Hu Èttelmaier et al., 1998) , which is capable of adopting open and closed forms. Binding of phosphatidylinositol-4,5-bisphosphate, promotes the open form, thus exposing the otherwise protected proline-rich binding site. It therefore appears that EVH1-binding af®nity is sensitive not only to the number of binding motifs in the ligand and their precise sequences, but also to the oligomerization states of both interaction partners.
The structural basis of the difference in binding strengths of various EVH1-binding motifs leads us to the biological interpretation that the ActA protein of Listeria may have evolved a further highly ef®cient, EVH1-binding epitope, containing a leucine residue that exploits the second hydrophobic surface present in the EVH1 domains, in order to successfully displace the natural EVH1 ligands of the host. The host zyxin and vinculin proteins rely on weak EVH1 interactions in order to maintain a sensitive and dynamic response to continuously changing extracellular signals. During the course of infection, the pathogen must recruit EVH1 domains more ef®ciently than the host EVH1-binding proteins in order to successfully pirate the host cell actin polymerization machinery. Increasing the binding af®nity for EVH1 domains by the use of additional af®nity increasing epitopes, together with strict conservation of the FPPPP motif, achieves this in a simple and elegant manner. This functional adaptation of major bacterial virulence factors, like ActA, may have contributed, during the course of evolution, to providing intracellular pathogens such as Listeria with a selective advantage, allowing them to exploit host cell systems that must themselves strictly maintain speci®c and low af®nity binding interactions in order to ful®l their cellular functions.
Materials and methods
Preparation of recombinant VASP and Mena EVH1 domains DNA sequences of VASP(1±115) and Mena(1±115) and mutants of these were cloned into the plasmids pGEX-4T-1 (Pharmacia). The domains were then expressed as glutathione S-transferase (GST) fusion proteins, induced at A 600 of 0.5±1.0 using 1 mM isopropyl b-D-thiogalactopyranoside (IPTG) and incubated for a further 5 h before harvesting. Cells were lysed by sonication and the desired protein puri®ed on a glutathione± Sepharose 4B column. The GST moiety was cleaved using thrombin protease (Pharmacia), and separated from the protein by chromatography on a 120 ml Superdex 75 column (Pharmacia). Samples were then concentrated using Centriplus-10 concentrators (Amicon). Protein molecular masses, determined by mass spectrometry, agreed with those predicted.
Fluorescence titrations
Dissociation constants were determined from changes in¯uorescence emission spectra of VASP and Mena EVH1 domains upon addition of peptide at de®ned concentrations. Fluorescence was measured at 20°C on an Aminco Bowman Series 2 luminescence spectrophotometer. Fluorescence intensities were obtained by determining the mean value of¯uorescence emission at 335 nm over a time period of 10 s after addition of peptide, with an excitation of 295 nm and a bandwidth of 4 nm (Ha Èfner et al., 2000) . Binding curves were ®tted based on the formation of a 1:1 complex.
NMR spectroscopy NMR spectra were acquired at 300 K, using Bruker DRX600 and DMX750 spectrometers in standard con®guration, with triple resonance probes equipped with self-shielded triple axis gradient coils. All spectra were recorded essentially as described previously (Ball et al., 1997; Smalla et al., 1999) . Uniformly 15 N-and 13 C, 15 N-labelled samples of the VASP EVH1 domain were prepared by growing Escherichia coli BL21 cells transformed with the plasmid, in a MOPS minimal medium (Neidhardt et al., 1974) containing 15 NH 4 Cl, with or without 0.2% 13 C 6 -glucose and 0.2% 13 C, 15 N labelled peptone from Chenopodium rubrum (EMBL, Heidelberg). The samples were puri®ed as described above. All samples for NMR spectroscopy were prepared at pH 6.0, in a buffer containing 20 mM KH 2 PO 4 , 50 mM KCl and 0.2 mM NaN 3 . A 2 mM 15 N-labelled sample in 90% H 2 O/10% D 2 O was prepared for 15 N-edited TOCSY, NOESY, HNHB and HNHA experiments and later exchanged into D 2 O solution to determine the hydrogen-bond protected amides. A 1.3 mM 13 C, 15 N-labelled sample in 90% H 2 O/10% D 2 O was used for the NH-detected triple resonance experiments, CBCA(CO)NNH and CBCANNH, and a second 1.3 mM 13 C, 15 N-labelled sample in 99.8% D 2 O was prepared for HCCH-TOCSY and 13 C-separated NOESY spectra. Protein±peptide complexes with EFPPPPTEDEL and EFPPPPTED peptides were formed by addition of equimolar amounts of peptide to 15 N-labelled protein in 90% H 2 O. The complex with the longer SFEFPPPPTEDEL peptide was made using 13 C, 15 N-labelled protein and unlabelled peptide. The complex was dissolved in 90% H 2 O for 15 N®ltered spectra and then lyophilized and redissolved into 99.8% D 2 O for the 13 C-®ltered spectra (Gemmecker et al., 1992; Ikura and Bax, 1992) , required for chemical shift measurements in the bound peptide 12 C±H sidechains.
Data were processed using the XWIN-NMR program (version 1.3) of Bruker Analytik GmbH (Rheinstetten, Germany) and the AZARA program (version 2.1) of W.Boucher (unpublished). Assignment was carried out on Silicon Graphics Indy workstations, using the interactive program, ANSIG 3.3 (Kraulis, 1989) . AZARA and ANSIG are both available by anonymous ftp from ftp.bio.cam.ac.uk in the directory ftp/pub.
Structure calculations
Structures were calculated from the restraints listed in Table I with the program CNS version 0.9a (Bru Ènger et al., 1998) , together with the PARALLHDG v4.02 force®eld. Calculations were performed using a standard simulated annealing protocol starting from random co-ordinates. The force constants for the NOE and phi angle restraints were 150 kcal/ mol/A Ê 2 and 200 kcal/mol/rad 2 , respectively. Distance restraints were categorized as strong (<2.7 A Ê ), medium (<3.5 A Ê ), weak (<5 A Ê ) and very weak (<6 A Ê ). The lowest energy structures with no distance violations >0.3 A Ê and no angle violations >5°were accepted.
Modelling of a complex of VASP EVH1 with the ActA peptide, SFEFPPPPTEDEL The EVH1 complex with SFEFPPPPTEDEL was modelled in a 250 ps molecular dynamics simulation at 300 K using Amber 5.0 (Weiner et al., 1986; Case et al., 1997) . The simulation was carried out with a step width of 2 fs and a distance dependent dielectric function, to mimic the presence of a high dielectric solvent. A non-bonded cutoff of 12 A Ê was used and the non-bonded pair list was updated every 10 fs. During the calculation only those residues were allowed to move that showed chemical shift perturbations above 0.1 p.p.m. The starting structure of the complex was obtained by docking of the FPPPP motif of the peptide onto the VASP EVH1 surface as observed for the reported Mena EVH1 crystal structure (Prehoda et al., 1999) . Mena co-ordinates were taken directly from the Protein Data Bank, accession code 1evh. Based on our experimental data, we de®ned two additional restraints, the ®rst from Glu343 and Leu344 of the peptide to Gln31 and Ala32 of the protein, and the second from Phe333 of the peptide to Ala85, Arg86 of the protein.
The complex structure after 250 ps was then minimized until an r.m.s.d. gradient of <0.05 was reached. The AMBER program package is available from http://www.amber.ucsf.edu/amber/amber.html.
VASP-EVH1 binding to cellulose membrane-bound peptides
Cellulose-bound peptides were prepared by automated spot synthesis as previously described (Kramer and Schneider-Mergener, 1998) . The membrane-bound peptides were washed with ethanol and then with Trisbuffered saline, TBS [50 mM Tris±(hydroxymethyl)-aminomethane, 137 mM NaCl, 2.7 mM KCl, pH 8] before blocking overnight at 4°C with blocking buffer (blocking reagent: CRB, Northwich, UK, in TBS 1:10 containing 1% sucrose). After washing with TBS, 10 mg/ml of GST-fused VASP-EVH1 domain in blocking buffer was added and incubated at 4°C for 16 h. The membrane was then washed further with TBS before incubation with a GST antibody (polyclonal rabbit IgG, 1 mg/ml in blocking buffer, Calbiochem, Bad Soden, Germany) at 4°C for 16 h. Before detection, a peroxidase-labelled anti-rabbit antibody (Sigma, Munich, Germany, 1 mg/ml in blocking buffer) was applied at room temperature for 4 h and the membrane was washed again with TBS. Binding was detected by addition of the chemiluminescent substrate, Super SignalÔ (Pierce, Rockford, IL) using a Lumi-Imager (Boehringer Mannheim, Mannheim, Germany).
Co-ordinates
Co-ordinates were deposited in the Protein Data Bank, accession code 1egx.
